The epidermal growth factor receptor (EGFR) arguably constitutes the most comprehensively studied molecular target for anticancer therapy of the past three decades. As a result of this investigational effort, multiple EGFRtargeting monoclonal antibodies (mAbs) such as cetuximab, panitumumab, and nimotuzumab are nowadays commercially available for use in cancer patients. These agents exert profound, but often temporary, antitumor effects in subsets of patients bearing advanced solid neoplasms. Although previous studies have identified somatic mutations in KRAS, BRAF, PIK3CA, and PTEN as biomarkers for the intrinsic resistance of malignant cells to EGFR-targeting mAbs in patients, the molecular basis for acquired resistance remains poorly understood. A few groups have specifically investigated the mechanisms whereby become resistant to EGFR-specific mAbs and undergo disease progression upon treatment. One major barrier to address this question in the clinical setting is the limited access to malignant tissues post-treatment. Using repeated tumor biopsies, Montagut and colleagues identified a mutation in the extracellular domain of EGFR that renders colorectal cancer patients resistant to cetuximab. 1 This said, even when post-treatment neoplastic tissues are available, sampling biases often confound the interpretation of results, as only a small portion of tumors is biopsied, preventing the assessment of both intra-and inter-lesion genetic heterogeneity. Current efforts are being focused on the identification of alternative tissues for the assessment of resistance biomarkers. The DNA released by cancer cells in the blood stream (a form of liquid biopsy) may represent a convenient starting material to carry out these studies. Using this approach, Bardelli and colleagues have recently described secondary KRAS 2, 3 or MET 4 mutations as novel sources of acquired resistance to cetuximab or panitumumab. Nonetheless, our knowledge on the potential mechanisms of acquired resistance arises, in large part, from mechanistic insights provided by preclinical studies. Unfortunately, preclinical models of resistance may not reproduce all the aspects of the clinical response to EGFR-targeting mAbs, because resistance tumor variants are established in vitro upon the long-term exposure to EGFR-targeting mAbs, or in vivo upon the administration of these mAbs to immunodeficient mice bearing tumor xenografts. Moreover, studies have largely been focused on the escape of cancer cells from EGFR-targeting mAbs associated with the blockade of EGFRdependent oncogenic signals, even though accumulating evidence suggests that EGFR promotes tumor progression not only through oncogenic signaling but also by modulating the interactions of cancer cells with the immune system.
In this context, our group generated a surrogate antibody that recognizes murine EGFR named 7A7. Previous studies based on immunocompetent mice (a complete autologous scenario) demonstrated that 7A7 exert antitumor effects via mechanisms that are identical to those ascribed to mAbs targeting human EGFR, namely, (1) EGFR
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searching for biomarkers that associated with the acquired resistance of malignant cells to epidermal growth factor receptor (eGFr)-targeting monoclonal antibodies is crucial to improve the clinical benefits of these therapeutic agents. we have recently demonstrated that molecular alterations in both oncogenic and immunological pathways may be responsible for such an insensitivity. Our findings suggest that a combination of targeted anticancer agents and immunomodulatory drugs may be useful for overcoming the acquired resistance of cancer cells to eGFr-specific monoclonal antibodies.
signaling inhibition, (2) antibodydependent cell-mediated cytotoxicity, and (3) T cell activation. 5, 6 Collectively, these results validated 7A7 as a valuable preclinical tool and prompted us to use it for modeling the acquired resistance of cancer cells to anti-EGFR antibodies in vivo. 7 Our studies demonstrated that, similar to what observed in clinical scenarios, the acquisition of resistance represents an important obstacle against the therapeutic efficacy of 7A7 in mice. Indeed, 26 out of 29 primary cultures generated from 7A7-treated metastases were insensitive to the administration of 7A7 in vivo and in vitro, revealing a high frequency of acquired resistance. Mechanistic studies performed with seven of these 7A7-resistant tumor variants revealed an overlapping pattern of molecular changes. To the best of our knowledge, we were the first to observe convergent alterations in oncogenic and immunological signaling pathways in tumor specimens resistant to EGFRspecific antibodies. In particular, the overexpression of v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3 (ERBB3, best known as HER3) and PTEN deficiency occurred concomitantly with reversible and irreversible defects in the expression of MHC class I molecules. Such defects in MHC class I expression stemmed from a significant decrease in the levels of mRNAs coding for MHC class I heavy chains (HCs), β 2 -microglobulin (β 2 -m) and various components of the antigen-processing machinery (APM), as well as from transcriptional alterations in the interferon γ (IFNγ) signaling pathway (Fig. 1) . Our results identify the acquired resistance of cancer cells to EGFR-targeting mAbs as a multifactorial, hence constituting a significant challenge for experimental researchers and oncologists. In addition, our data suggest that the antitumor efficacy of EGFR-specific mAbs may be improved by combination therapies that target the molecular complexity of this phenomenon.
To our knowledge, we were the first to take the immunomodulatory activity of EGFR into consideration for uncovering new mechanisms of resistance to EGFRspecific mAbs. This reflects a novel conceptual paradigm suggesting that both on-target and off-target mechanisms may contribute to the development of acquired resistance. Molecular alterations in the EGFR signaling axis have previously been identified as potential mechanisms whereby cancer cells evade the cytotoxicity of EGFR-targeting mAbs. However, defects in the expression of MHC class I molecules have not been previously associated with this phenomenon. Our earlier findings led us to focus on the ability of 7A7 to induce the immunogenic apoptosis of cancer cells, and hence a tumor-specific cytotoxic T lymphocyte (CTL) response, 6 as the principal mechanism that would generate defects in MHC class I expression. The presence of IFNγ signaling defects in 7A7-resistant tumor variants (a typical mechanism of escape from T cells) and recent data showing that EGFRspecific CD8 + T cells may contribute to the clinical response of cetuximab-treated cancer patients, 8 reinforced this rationale. Nevertheless, a mechanistic link between changes in oncogenic EGFR signaling and MHC class I alterations cannot be ruled out. This hypothesis is supported by experimental results from several groups. First, HER2 signaling (which in our model is hyperactivated upon HER3 upregulation) results in the downregulation of MHC class I molecules. 9 Second, the blockade of EGFR by cetuximab increased MHC class I expression. 10 Further experiments with our model are required to define the relative contribution of CTL responses vs. the blockade of EGFR signaling to the defects in MHC class I expression linked to 7A7 resistance.
In conclusion, we described a model with strong implications for understanding the acquired resistance of cancer cells to anti-EGFR antibodies. Our findings link this paradigm of resistance not only to cancer cell-intrinsic oncogenic circuits, but also to immunoregulatory components. Moreover, our data support the importance of murine tumor models as a useful system to identify new biomarkers of acquired resistance to EGFR-specific mAbs. Translational research efforts will guide the next generation of clinical studies to overcome resistance and to increase the efficacy of EGFR-targeting antibodies.
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